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NORMAL NEURAL EPITHELIAL PRECURSOR CELLS 
Field of the Invention 

The present invention relates to methods for isolating normal neural epithelial precursor cells that arc 
5 capable of cell replication, expansion, and long term culture ia vitro while maintaining their ability for 
differentiation in vitro and in vivo . The methods for isolating the normal neural epithelial precursor cell type 
of the present invention result in a substantially homogeneous population of non-transformed, non-tinnorigenic 
neural epithelial precursor cells. Therefore, the invention also relates to normal neural epithelial precursor cell 
lines of mammalian origin. The isolated neural epithelial precursor cells of the invention can be maintained 
0 and expanded in culture employing the methods described herein. 

Description of Related Disclosures 

The mammalian central nervous system is developmentally derived from neuroepithelial cells in the 
neural nibe (Murphy. M. et al., J. Neurosci. Res. (1990)25:463-475: sec gcnerally/Dcvclopmental Biology" 

5 Fourth Edition. Gilbert. S., (1994) Sinauer Associates. Inc.: "Post Implantation Mammalian Embryos: A 
Practical Approach Copp, A.J.. and Cockroft. D.L.. cds. (1990) Oxford University Press. New York). In 
vivo , neuroepithelial cells grow and differemiaie to different types of neuronal and glial cells in response to. 
as yet unidentified, environmental factors. The ability to isolate and maintain particular neural precursor cells 
in vitro is crucial to the identification of these factors. Additionally, the ability to isolate and expand non- 

0 tumorigenic neural cell types at early embryonic stages of development is critical to the success of cell based 
therapies including intracerebral grafting and gene transfer (Gage et al.. (1991). TINS. 14:8328-333: Mucke 
and Rockenstein. (1993) Transgene. 1:3-9; Jiao et ah. (1992) Brain Res. 575:143-147). 

Broadly speaking, there are rwo types of cell culture for the maintenance and charaaerizaiton of cells 
of the mammalian nervous system (Bonenstcin. J.E., "Growth and Differentiation of Neural Cells in Defined 

5 Media." Cell Cuinire in the Neurosciences , Bonenstcin and Sato, eds., pp 3-43 [ 1985]). Primar>- culture 
involves tissue explant and subsequent culture of either the dispersed cells or the exptanted tissue lor the ilnite 
lifetime of the dispersed cells or tissue. After several days in culture the cells generally sponianeousK 
difTerentiate into a variety of neuronal cell types (Cattaneo and McKay (1990) Nature 347:762-765). The 
primary advantage of dissociated cell culture is that single cell types can be studied as representative of actual 

0 in vivo cell types (''Developmental Biology of Cultured Nerve, Muscle, and Glia,*' David ShuberL John Wiley 
& Sons. Inc, (1984)). Using primary culture heterogenous samples of cells can be isolated to achieve 
representative cell populations of uniform phenorype. Many populations of cells derived from explanted tissue 
have, heretofore, been limited in the number of times they can divide possibly owing to in vitro aging (Orgel. 
L.E. (1973) Nature. 243:441-445) or inappropriate culture conditions. 

5 Continuous cell culture represents a second variety of in vitro cell culture for cells of the developing 

mammalian central nervous system (Bonenstcin. J. (1985) SMfira). Continuous cell culture provides the 
advantage of long term culture and storage. Since the proliferation and differentiation of neuroepithelial cells 
is a programmed process in vivo and neuroepithelial cells cultured in vitro tend to differentiate spontaneously 
after limited divisions, long term culture of neuroepithelial cells has previously relied on viral or oncogene 

0 transformation. 
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Several groups have reportedly established multipotent neural cell lines through rcaoviral gene 
transfer (Snyder, ei al.. Cell. (1992) 68:33-51; Ryder et al.. J. Neur biol. (1990) 21:356-375; Geller and 
Dubois-Dalq. (1988) J. Cell Biol. 107:1977-1986; Banlctt. (1988) Proc. Natl. Aced. Sci. USA 85:3255-3259; 
BifTcn and Anderson (1990) Neuron 4:189-201; Evrad. et al.. (1990) Proc. Natl. Acad. Sci. USA 87:3062- 
3066; and Frederikson. et al. (1988) Neuron. 1:439-148). Oncogenes generally used to establish cells from 
the developing nervous system include w-myc, SV40 T antigen, and neu (Frederikscn et al.. (1988) Neuron, 
1 :439-448; Gao and Hanen ( 1 994)Development. 120: 1 059- 1 070). The cell lines can be identified by genotypic 
alterations including the expression of exogenous genes such as lacZ (Snyder et al.. (1992) ajca). 
Transfonncd cell lines can be esublishcd from embryonic cells at various stages of development. Snyder et 
al. established their v-mrxr-immonalized cells from embryonic day 1 3 external germinal layer derived cerebellar 
cells (Snyder et al.. ( 1992) supra 1. 

Others have used embryonal carcinoma (EC) cells to snidy neural differentiation since EC cells can 
be obtained in large amounts and can difTerentiate into cells of various phenotypes (Edde. B. and Datmon M.. 
"Neural Differentiation of Pluripotent Embryonal Carcinoma Cells," Cell Culmre in the Np..m.ri.nr.c 
Bottenstein and Sato. eds.. 273-285 (1985]). 

Viral transfection and oncogene transformation can halt the cell differentiation program at specific 
stages of differentiation (Frederiksen. et al, (1988) Neuron 1 :439-448). TTiese methods also result in alteration 
of the neural precursor cell propenies. SV40 large T-antigen oncogene subverted the establishment of granule 
cell identity (Gao and Hanen, (1994) Developmem 120:1059-1070). Because of their transformed phenotype 
and their potential for invasive growth in yiyfl. these cells are unlikely candidates for cell based therapies (Jiao 
et al. (1992) Brain Res. 143-147). 

Recently, evidence suggesB that it should be possible to halt neuroepithelial cell differentiation and 
allow for infinite proliferation of unn-ansformcd murine neural precursor cells in serum free medium 
supplemented with appropriate growth factors (Loo et al.. ( 1 987) Science 236:200-202; Loo et al.. ( 1 99 1 ) J. 
Neurosci. Res. 28:101-109). Unlike mouse embryo cells culwrcd in conventional senim supplemented media 
these cells do not lose their proliferative potential leading to genetically altered cell lines (Loo et al.. 
(1987)Scicnce. 236:200-202). Researchers have established cell lines from 1 6 day old embiyos which display 
an absolute requiremem for epidermal derived growth factor (EGF) (Loo et al.. (1989) J. Cell. Physiol. 
1 39.484-491 ). An immortal glial precursor cell line (SFME) has been established in the presence of EGF (Loo 
et al., (1987) sufiia). Cells have aUo been isolated from embryonic day 10 mice which have an absolute 
requirement for fibroblast growth factor (FGF) (Murphy, et al., (1994) J. Neurosci. Res. 25:463-175). 

Serum free embryo cells similar to the mouse SFME cells can be derived from embryonic human brain 
at similar suges of developmem using EGF (Loo et al., (1991) J. Neurosci. Res. 28:101-109). However, these 
cell lines, derived from 20-24 week old human embryos ceased proliferation after about 70 population 
doublings (Loo et al. ( 1 99 1 ) jueq). EGF responsive cells have also been identified in adult mammalian central 
nervous system (Reynolds and Weiss Science ( 1 992) 225: 1 707- 1 7 1 0). EGF was found to support the indefinite 
growth of subvetricular neural progenitor cells from adult mouse and retinal neural precursor cells (Reynolds 
and Weis(1992) supra ^. 
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It has been demonstrated that basic fibroblast growth factor (bFGF) is a potent mitogen for certain 
CNS p pulaiions (Murphy ct ah, (1990) JMCIS; Cattanco and McKay (1990) suora : Gh sh and Grecnberg 
(1995) Neuron 15:89-103; and Vicario-Abejon ct al. (1995) Neuron 15:105-1 14). It also appears that_bFGF 
and nerve growth factor (NGF) cooperatively promote proliferation and differentiation of embryonic striatal 
neurons (Cattaneo and McKay (1990) supra ) However, neither EGF nor FGF support neuroepithelial cells 
cultured from earlier stages of development as. for example, embryonic day 9 rat neural tube. 

Good cellular candidates for cell based therapies such as intracerebral grafting and gene transfer arc 
optimally free of genetic modification and readily available. Additionally, good candidates will exhibit 
prolonged in vjvQ survival and non-invasive growth (Gage ct al., (1991) TINS 14:328-333). Recently, 
immortalized neural precursor cells have been used as a carrier for the local delivery of NGF in ihc brain 
(Maninez-Scrrono (1995) Neuron 15:473-484). The NGF secreting cells expressed a transgenc and secreted 
bioactive nerve growth factor at levels sufficient to reverse cholinergic neuron atrophy in transplanted rats 
(Maninez-Serrono et al., (1995) sUECa). These cells were able to survive up to 10 weeks after u^splantaiion 
and reverse age-dependent cognitive impairments in the model. Another group has transplanted human fetal 
mesencephalic tissue into the caudate nucleus of patients with Parkinson's disease (Spencer et al. ( 1 992) New 
England J. Med. 327:1541-1548). Intracerebral grafting has been demonstrated with non-neuronal cell types 
such as fibroblasts (Gage et al. (1991 ) Trcnds-Ncurosci. 14:328-333; Gage and Fisher ct al.. (1991 ) Neuron 
6:1-12; Fisher (1994) Neurochem. Im, 25:47-52) and primary muscle cells (Jiao et al., (1992) 575:143-147) 
in pan to avoid the possibility of tumorigenesis and helper virus contamination that may impact immortalized 
primary neuronal cells in vivo . 

Others have used genetically altered polymer-encapsulated cells to deliver human nerve growth factor 
transgenc product in rat models (Winn et al., (1994) Proc. Natl. Acad. Sci. 91:2324-2328: Hoffman, ct al. 
(1993) Experimental Neurology 122:100-106: Maysingeret al., (1994) Neurochem. Int. 24:495-503). Polymer 
encapsulation allows diffusion of macromoleculcs and permits nutrient exposure (Winn ei al.. ( 1 994) supra ). 

Snyder et ah have shown that early embryonic precursor cells can engraft and participate in the 
development of mouse cerebellum (Snyder et al.. (1992) Cell 68:33-51) 

There is a need therefore for normal neural epithelial cells fix)m early embryonic stage of development 
that are capable of replication and expansion both in vitro and in vivo for a variet\ of purposes including cell 
based therapies. 

Summary of the Invention 
It has now been discovered that a neural precursor cell type can be isolated from embryonic neural 
tissue that is capable of continuous in vifla cell culture. The cell type, which is isolated in serum free culture 
from embryonic neural tissue, does not respond to epidermal growth factor, does not display phenotypic 
aberration by virtue of viral transfection or oncogene transformation, and can be maintained in continuous 
culture without undergoing a growth crisis, senescence, or spontaneous differentiation. This cell type has been 
identified as a neural epithelial precursor cell (NEP cell) expressing the intenmediate filament protein nestin. 
The present invention therefore provides a method for isolating a normal neural epithelial precursor cell type 
from a developing mammalian embryo. 
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According to the present invention when neural tissue from the developing mammalian central neivous 
system at the zero-somite stage of development, equivalem to the rat embryonic day 9. is cultured in the 
presence of embryonic Schwann cells or embryonic Schwann cell conditioned media, a neural epithelial 
precursor cell type can be isolated that can be maintained in continuous culture in serum free media, nierefote. 
the present invemion provides a method of isolating a normal neural epithelial precursor cell type comprising 
the steps of culturing neural tissue from a mammalian embryo at the zero-somite stage of development in the 
presence of embryonic Schwann celU or embryonic Schwann cell conditioned media and isolating the normal 
neural epithelial precursor cells. 

The invemion further provides for the normal neural epithelial cell type isolated according to the 
methods of the presem invention. Tht neural epithelial cell line of the prescm invemion is of mammalian 
origin. According to one aspect of the present invemion neural tube from a rat embryo at the ninth day of 
development is cultured according to the methods of the present invention. According to this aspea of the 
presem invemion a neural epithelial precursor cell line of rat origin is obtained. In a preferred aspect of the 
present invemion. embryonic tissue from a human embryo at the equivalent stage of development is cultured 
according to the methods of the invention. According to this aspect of the invemion a normal human neural 
epithelial precursor cell is obtained. 

The invemion further provides a method for the long teim culmre. expansion, and maimenance of the 
cell lines of the present invemion. According to the methods of the presem invention, the normal neural 
epithelial precursor cell type can be maintained in long term culmre. Preferably the cells are culmred on plates 
coated with laminin. or extracellular maffix materials containing laminin. 

The invention further relates to compositions comprising the normal neural epithelial precursor cells 
of the present invention. The compositions of the present invention are formulated in a pharmaceutically 
acceptable vehicle. In one embodiment the phamaeeutically acceptable vehicle is a balanced saline solution. • 
In a further embodiment a solid or semisolid, gelatinous, or viscous support medium is the pharmaceutically 
acceptable vehicle. Preferred gelatinous vehicles include collagen and hydrogels optionally supplemented with 
the relevam extracellular matrix proteins such as laminin and may include the appropriate growth factors. Such 
compositions are suitable for transplantation into either the peripheral or central nervous system. 

Brief Description of the Drawings 
Figure I A-Figure IF. Neural epithelial precursor (NEP) cells isolated according to the methods 
described herein were cultured in the presence and absence of various factors. For Figure I A cells were grown 
in FI2A5ME supplemented with bovine pituitary extract(2 Mg/ml). forskolin (5 jiM). insulin (10 ng/ml) and 
transferrin (10 ng/ml) (lane 4F) or in the same media excluding i) bovine pituitary extract (lane BPE). ii) 
forskolin (lane For), and iii) insulin (lane Ins). Figures IB- IE describe the results of culturing NEP cells in 
F12n5ME conuining bovine pituitary extract (BPE). insulin, heregulin (1 nM), Vitamin E (5 ng/ml), 
progesterone (3 nM). transferrin (10 ng/ml), and forskolin in wells coated with laminin in the presence of 
increasing concentrations offorskolin and bovine pituitary extract (Figure IB), insulin (Figure IC), insulin like 
growth factors I and II (Figure I D), nerve growth factor and epidermal growth factor (Figure 1 E). NEP cells 
in Figure IF were cultured in F12/DME containing bovine pimitary extract (BPE) (2 ng/ml). insulin (10 
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Hg/ml), heregulin (I nM), Vitamin E (5 jig/ml), progesterone (3 nM). transferrin (10 Hg/ml), and forskolin (5 
jiM) on laminin coated plates and in the presence or absence f platelet derived growth factor (PDGF). 
interleukin IB (IL-IB). interleukin 1 1 (IL-II), human hepatocyie growth factor (hHGF) and ncurotrophin 3 
(NT.3). 

5 Figure 2A-Figure 28. NEP cells were grown in DME/F12 including insulin, transferrin, bovine 

pituitary extract, forskolin, progesterone, and vitamin E and exposed to the indicated concentrations of 
heregulin or transforming growth factor 0 (Figure 2A) or acidic or basic fibroblast growth factor (Figure 28). 

Detailed Pgsgripiign Qf ihe Prgfgmrd Emt^odimcms 

10 Definitions 

The term **normar when used in connection with a neural epithelial precursor cell type of the present 
invention is meant to refer to a cell type which does not display a phenotypic aberration by virtue of viral 
transfection or oncogene transformation. The normal cell type of the present invention can be mainuined in 
continuous culture, are capable of replication, expansion, and long term culture jn vitro while maintaining their 

1 5 ability for differentiation in vitro and in vivo without undergoing a growth crisis, senescence, or spontaneous 
differentiation. Such cell types are to be distinguished from cell lines that are capable of unlimited proliferative 
potential and of long term continuous culture only after infection with a transforming vehicle such as 
adenovirus. SV40. ras, orc-myc. Normal cell lines are non-tumorigenic. By non-tumorigenic is meant that 
the cell will not give rise to a tumor when injected into syngeneic or immuno-compromiscd animals. 

20 A "cell line" according to the present invention, is a substantially homogeneous group or population 

of cells derived through the culture of a' sample of cells from a tissue or organ. By "substantially homogeneous" 
is meant a population of cells that by virtue of common parent or parents are generally phenotypically and 
genocypically identical. It is to be understood that such uniform cell preparations will deviate as a result of 
natural muutional changes (allelic variations) that may confer variations in the phenotypc in the population 

25 of cells. Such natural variations are meant to be included within the definition of substantially homogeneous 
and therefor are included in the definition of cell line as defined herein. Preferably, "substantially 
homogeneous" means that between about 90 to 100%. and preferably 99% to 100% of the cells in the 
population are identical cells. 

"Immortalization" is the transformation of a cell culture in vitro into a strain with unlimited growth 

30 potential, 

"Neural epithelial precursor (NEP) cells" are identified by the expression of the intermediate filament 
protein nestin (Frederickson and McKay (1988) J. Neurosci. 8: 1444-1 151 : LendahL et aL, (1990) Cell 60:585- 
595; Cattaneo and McKay (1990) NaUjre 347:762-765; Hockfield. S. and McKay R.D.G. (1995) J. Neurosci. 
5. 33 10-3328). The expression of nestin distinguishes neural epithelial precursor cells from more differentiated 
35 cells of neural mbe origin (Lendahl, et al. (1990) Cell, 60:585-595; Reynolds and Weiss. (1992) Science, 
225:1707-1710). The cells are isolated from neural tissue developmentally equivalent to embryonic day 9 rat 
neural tube. Neither EOF nor FGF are mitogenic for NEP cells, and they differentiate into a variety of neural 
cell types in the presence of basic fibroblast growth factor and forskolin. 
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By "dcvclopmcntally equivalent" is meant thai a panicular source of embryonic tissue is obtained from 
a developing mammalian embryo at an equivalent stage of embryonic development Embryonic development 
can be compared between species by the appearance of distinct morphological features. This is distinguishable 
from gestational time since the timing of appearance of principal morphological features varies between 
5 species. According to the present invention, manunalian embryonic tissue is obtained at a stage equivalent to 
the embryonic zero-somite stage of development. According to the present invention a mammalian embryo 
is obtained that is developmenially equivalent to a rat embryo at the ninth day of embryonic development. 
According to the present invention, rat embryonic day nine is measured by mating male and female rats for two 
hours between the hours of 8 and 10 a.m. and immediately seeking a copulatory plug. The day the copulatory 

10 plug is found is defined as day zero of the gestation. For other mammalian species however, it is not the 
gestational day but the developmental stage of the embryo that is important. Therefore, according to the 
present invention the rat E9 embryo or the developmentally equivalent embryo from other mammalian species 
is employed. The rat E9 embryo is generally at the zero-somite stage of development characterized by the 
appearance of the primitive groove and the allantois, coupled with amnion formation. For developmentally 

1 5 equivalent stages in other mammalian embryos the reader is directed to Kaufman. M. H.. "Morphological 
Stages of Post Implantation Embryonic Development" in Post implantation Mammalian Embrvos: A Practical 
Approach . Copp A« and Cockcroft, D., Eds, Oxford University Press. New York ( 1 990), pp S 1-9 1 ; Downs and 
Davies, (1993) 1 18:1255-1266; and Fujinaga and Baden (1992) Teratology 45:661-670; and O'Rahilly, R. and 
MUller, F. (1987), "Developmental Stages in Human Embryos," Carnegie Institution of Washington. 

20 Publication no. 637. Carnegie Institute, Washington DC. 

A "Schwann cell" is a cell of neural crest origin that forms a continuous envelope around each nerve 
fiber of peripheral nerves in situ . A Schwann cell can be identified as such by detecting the presence of one 
or more Schwann cell markers such as glial fibrillar acidic protein (GFAP). or SlOO protein, e.g., using 
antibodies against these markers. Furthermore, Schwann cells have a characteristic morphology which can be 

25 detected by microscopic examination of cultures thereof Isolated Schwann cells can also be evaluated for the 
maintenance of differentiated Schwann cell functions, such as the ability to associate with sensory neurons in 
culture or the ability to produce myelin or myelin related proteins such as Po and myelin associated 
glycoprotein (MAG). An "embryonic Schwann ceir is a Schwann cell or Schwann cell precursor isolated from 
an embryonic mammal at a stage developmentally equivalent to the rat embryonic day 14 up to birth. 

30 Preferably, the embryonic Schwann cell is isolated from a mammal at a stage developmentally equivalent to 
rat embryonic day 14 through rat embryonic day 18, and most preferably at about embryonic day 15. 

The terms "cell culture medium" and "culture medium" refer to a nutrient solution used for growing 
mammalian cells that typically provides at least one component from one or more of the following categories: 
1 ) an energy source, usually in the form of a carbohydrate such as glucose: 

35 2) all essential amino acids, and usually the basic set of twenty amino acids plus cystine; 

3) vitamins and/or other organic compounds required ai low concentrations; 

4) free fatty acids; and 
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5) trace elements, where trace elements are defined as inorganic compounds or naturally 
occurring elements that arc typically required at very low concentrations, usually in the 
micromolar range. 

The nutrient solution may optionally be supplemented as described herein with one or more 
5 components from any of the following categories: 

1 ) one or more mitogen ic agents; 

2) salts and buffers such as, for example, calcium, magnesium, and phosphate: 

3) nucleosides and bases such as. for example, adenosine and thymidine, hypoxanthine: and 

4) protein and tissue hydrolysates. 

10 According to the present invention the cell culture medium is generally ''scrum free", which means 

that the medium is essentially free of serum from any mammalian source (e.g, fetal bovine serum [FBS]). By 
"essentially free" is meant that the cell culture medium comprises between about 0-5% serum, preferably 
between about 0-1% scrum and most preferably between about 0-0.1% serum (v/v). 

A '*mitogenic agent** or **growth factor** is a molecule which stimulates mitosis of the particular cell 

15 type under investigation. Generally, the mitogenic agent or growth factor enhances survival and/or 
proliferation of the cell type in cell culture. Examples of mitogenic agents include Rse/AxI receptor activators: 
activators of one or more members of the erbS receptor family; agents which elevate cAMP levels in the 
culture medium {e.g. forskolin, cholera toxin, cAMP or analogues thereoO; adhesion molecules such as neural 
cell adhesion molecule (N-CAM), laminin or fibronection; progesterone; neurotrophic factors such as brain- 

20 derived neurotrophic factor (BDNF) and ciliary neuronotrophic factor (CNTF); neurotrophin-3. -4, -5, or -6 
(NT-3, NT-4, NT-5, or NT-6); or a nerve growth factor such as NGF-P; platelet-derived growth factor 
(PDGF); epidermal growth factor (EGF); fibroblast growth factor such as acidic FGF (aFGF) and basic FGF 
(bFGF); transforming grovrth factor (TGF) such as TGF-a and TGF-P, including TGF-P 1. TGF-P2. TGF-P3, 
TGF-P4, orTGF-p5; insulin-like growth factors, including IGF-L lGF-11 and des( l-3)-1GF-l (brain lGF-1): 

25 insulin-like growth factor binding proteins such as IGFBP-1, -2, -3, -4. -5, or -6: and hormones such as 
estrogen, testosterone, progesterone, thyroid hormone, and insulin. 

"Pharmaceutical ly acceptable" carriers or vehicles are ones which are nontoxic to the mammal being 
exposed thereto at the dosages and concentrations employed. Often the pharmaceutically acceptable carrier 
is an aqueous pH buffered solution. Examples of pharmaceutically acceptable carriers include buffers such 

30 as phosphate, citrate, and other organic acids; antioxidants including ascorbic acid; low molecular weight (less 
than about iO residues) polypeptides; proteins, such as serum albumin, gelatin, or immunoglobulins; 
hydrophilic polymers such as polyvinylpyrrolidone; amino acids such as glycine, glutamine. asparagine, 
arginine or lysine: monosaccharides, disaccharides. and other carbohydrates including glucose, mannose, or 
dextrins; chelating agents such as EDTA; sugar alcohols such as mannitol or sorbitol: salt-forming counterions 

35 such as sodium; and/or nonionic surfactants such as Twecn, Pluronics or polyethylene glycol (PEG). 
Pharmaceutically acceptable carriers or vehicles also include semi-solid, gelatinous or viscous support medium. 
Examples of such gelatinous carriers or vehicles include collagen, collagen-glycosaminoglycan, fibrin, 
polyvinyl chloride, polyamino acids such as polylysine or polyomithine, hydrogels, agarose, dextran sulfate 
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and silicone. Phannaceutically acceptable vehicles appropriate for the transplanution of developing nerve cells 
are found in. for example International Publication No. WO 92/03536. 

A nervous system disease or disorder is meant to include traumatic lesions (e.g. caused by physical 
injury or surgery, and compression injuries): ischemic lesions (e.g. cerebral or spinal cord infaraion and 
ischemia); malignant lesions: infectious lesions (e.g. resulting from an abscess or associated with infection by 
human immunodeficiency vims. Lyme disease, tuberculosis, syphilis, orheipes infection); degenerative lesions 
(e.g. associated with Parkinson's disease. Alzheimer's disease. Huntington's chorea or amyotrophic lateral 
sclerosis); lesions associated with nutritional diseases or disonlers (e.g. Vitamin BI2 deficiency, folic acid 
deficiency. Wernicke disease, tobacco-alcohol amblyopia, Marchiafava-Bignami disease and alcoholic 
cerebellar degeneration); neurological lesions associated with systemic diseases (eg. associated with diabetes, 
systemic lupus eo^ematosus. carcinoma or sarcoidosis); lesions caused by toxic substances (e.g. alcohol, lead 
or neurotoxin): and demyelinated lesions (e.g. associated with multiple sclerosis, human immunodeficiency 
virus-associated myelopathy, transverse myelopathy of various etiologies, progressive multifocal 
leukoencephalopathy and central pontine myeiinolysis). 

The term "treamiem" within the instant invention is meant to include therapeutic treatment, as well 
as prophylactic, or suppressive measures for a disease or disorder. Thus, for example, in the case of 
Alzheimer's disease, successful administration of an agent prior to onset or during the course of the disease 
results in "treamienf of the disease whether or not associated with delayed or prevented onset of the disease 
if the administration is associated with an apparem clinical benefit. Such a benefit may be any benefit including 
but not limited to the lessening of a side effect of another therapy or the disappearance of a symptom. For 
example, successfiji administration of the agent after clinical manifestation of the disease to combat the 
symptoms of the disease comprises "treaimem" of the disease. "Trearnienf also encompasses administration 
of the agem after the appearance of the disease in order to eradicate the disease. Successft.1 administration of 
the agem after onset and afterclinical symptoms have developed, with possible abatement of clinical s>-mptoms 
and pertiaps amelioration of the disease, also comprises "treaimem" of the disease. 

The term ■•mammal" refers to any mammal classified as a mammal, including humans, non-human 
primates, cows, horses, dogs, sheep and cats. In a preferred embodiment of the invention, the mammal is a 
human. 



Modes for Carrying out the Invention 

It will be recognized by the skilled artisan that for the iniittfl culture of the neural epithelial precursor 
cells of the present invention routine aseptic cell culture techniques are to be employed along with the methods 
of the present invention. Tht invention will now be described with reference to these and other cell culture 
techniques. 

For the isolation of the normal neural epithelial precursor cells (NEP cells) of the present invention 
mammalian neural tissue is obtained from a mammal in the zero-somite (O-somite) stage of development TTiis 
stage of the developing embryo is characterized by the appearance of the neural groove, the developing 
allantois and amnion formation. The stage precedes the appearance of the fi„t somites and is generally 
identified by the appearance of the neural plate. According to the presem invention, this stage is 
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developmentally equivalent to the ninth day of rat embryonic development. Therefore, according to the present 
invention embryonic day nine rat neural tissue or developmentally equivalent neural tissue in other mammalian 
species is employed. According to a preferred aspect of the invention, cmbrycmic neural tissue at the ninth day 
of rat embryonic development between the hours of 3 p.m. and 4 p.m. or developmentally equivalent neural 
5 tissue from another mammalian species is employed 

One skilled in the art will recognize that mammalian embryos follow similar developmental patterns 
that can be identified as distinct morphological stages. The stages are identified broadly by day of appearance 
of the particular morphological feature, such as the neural plate. The timing of appearance of principle 
morphological features, however, varies between species. Accordingly, embryonic neural tissue is isolated just 
10 prior to the appearance of the first somites. This stage is commonly referred to as the "zero-somite" or "O- 
somite" stage of development. In the rat species the first somites appear between the 9th and 1 0th day of 
embryonic development and developing neural tissue is obtained at the ninth day of development just prior to 
the appearance of the first somites. The rat species anticipates the murine species developmentally by 1 .5 to 
2 days for the appearance of the same principal features. Accordingly, in the mouse species, the first somites 

1 5 appear at about the eighth day of embryonic development. Therefore, for the murine species, neural tissue is 
generally obtained at about between the sixth to about the eighth day of murine embryonic development. In 
the human, the first somites appear during the ninth stage of human development at aboutbetween the twentieth 
and twenty-fourth day of embryonic development. Therefore according to the present invention human 
mammalian neural tissue is generally selected from the developing human embryo after about the eighteenth 

20 to twenty-eighth day of embryonic development. 

Neural tissue obtained from the embryo developmentally equivalent to the E9 rat embryo is generally 
isolated from the developing embryo by dissection employing techniques commonly available to the skilled 
anisan. One skilled in the art of mammalian developmental biology will be able to identify and isolate the 
neural tissue using techniques that are standard in the art. Generally microscopic dissection is employed to 

25 separate the caudal portion of the embryo, followed by removal of the developing mesoderm and endoderm. 
According to the present invention the remaining neural tissue is employed and preferably the neural tube is 
employed. 

Neural tissue and preferably neural tube from the developing embryo at rat E9 or the developmentally 
equivalent stage is cultured in the presence of embryonic Schwann cells or advantageously in the presence of 

30 culture media obtained from the in vitro culture of embryonic Schwann cells. Embryonic Schwann cells are 
isolated by the methods described herein or by methods known to those skilled in the an. The embryonic 
Schwann cells may be a primary or secondary culture or a continuously propagated line as described herein. 
Additionally, continuous embryonic Schwann cell lines obtained by virtue of viral transformation or oncogene 
transfeaion may be employed as a source of embryonic Schwann cells or embryonic Schwann cell conditioned 

35 media. Alternatively, the embryonic Schwann cells may be a Schwannoma as described by (Ansselin and 
Corbeil (1995) In Vitro Cell Dev. Biol. 31:253-254; Brockes ct al. (1979) Brain Res. 277:389-392: Morrissey 
et al. (1991) J. Neurosci. 1 1 (8):2433-2442: Peulve et al. (1994) Exp. Cell. Res. 214:543-550; Rutkowski ei 
al. (1992) Ann. Neurol. 31:580-586; Watabe et al. (1990) J. Neuropathol. Exp. Neurol. 49:455-467) for 
example. Embryonic Schwann cells and methods of obtaining them are known to those skilled in the an 



-9- 



wo 97/16534 

PCT/US96/16S43 

(Messing et al. (1994) J. Ncun,sci. 14:3533-3539). Copending U.S. Application Serial No. 08/435.436 filed 
May 10. 1995 describes an exemplary method of obtaining cmbry nic Schwann cell cultures. 

In obtainingSchwann cells or in seleaingnervetissuc which comprises Schwann cells(*.^.periphen.l 
nerve tissue) for isolation of the Schwann cells i, is important that the cells be derived from an embryonic 
mammal. According to the present invention, an embryonic Schwann cell is obtained from a mammal at a 
stage developmentally equivalent to rat day 14 stage of emboronic development or at any stage thereafter 
through the last day of embryonic development. Preferably. Schwam, cells developmentally equivalent to n.t 
embryonic day 15 are employed. Appropriate tissue sources include, for example, dorsal root ganglia. 

In a preferred aspect of the present invention, the mammalian species from which the Schwann cells 
are denved matches the species from which the nonnal NEP cells arc isolated. However, species matching is 
not an absolute requirement For example, rat embryonic Schwann cells may be employed as the embtyonic 
Schwann cell source for the isolation of murine as well as human nonnal NEP cells in addition to rat nonnal 
NEP cells. 

In an exemplary method of isolating embiyonic Schwann cells, nervous tissue from a developing 
embryo (generally between na day 14 and day 20) is obuined. A suitable size for the staning nerve tissue is 
generally between about Imgto Igm. THe nerve tissue can be stored in medium (e.g. RPMl- 1640 [Sigma] 
Liebovit^s LI5 or Belze^s UW solution), priorto culture. Pre-incubation of the embryonic Schwann cell may 
be advantageous if the tissue contains myelinated nerves to facilitate demyelination of the Schwann cells For 
the pre-mcubation of embo^onic Schwann cells, the nerve tissue is desirably treated with one or more protease 
enzymes for a sufficient period of time to loosen conneaive tissue and thereby promote demvelination. Many 
protease enzymes are commercially available which can be used for this step and include collaeenase dispase 
and other serine proteases, for example. Excess enzyme can be removed by gentle washing with culmre 
medium. 

Embryonic Schwann cell culmre is typically earned out on a solid phase (e.g. a plastic tissue culture 
d.sh or plate) coated with extracellular matrix/adhesion proteins such as laminin. fibronectin. poly-Ivsine or 
collagen, with laminin being preferred, litis allows preferential adhesion and migration of the Schwann cells 
onto the coated solid phase. The Schwann cells are culmred in the laminin-coated culture plates in a suitable 
culture medium. 

Culmre media for the culture of embryonic Schwann cells are well known to persons skilled in the an 
and include, but are not limited to. commercially available media such as F12/ DME. Ham's FIO (Sigma) 
Minimal Essential Medium (fMEM], Sigma). RPMl- 1 640 (Sigma), and Dulbecco's Modified Eagle's Medium 
([DMEM). Sigma). Any of these media may be supplemented as necessary with, ions (such as sodium, 
chlonde. calcium, magnesium, and phosphate), buffers (such as HEPES). nucleosides (such as adenosine and 
thymidine), trace elements (defined as inorganic compounds usually present a, final concentrations in the 
micromolar range), and glucose or an equivalem energy source. Other supplements may also be included at 
appropriate concentrations that would be known to those skilled in the an. The prefened culture medium is 
FI2A3ME(l:l)containing4.5 g/l iter glucose supplemented with 15 mM HEPES. pH 7.4. 1.2 g/liter sodium 
bicarbonate. 
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According to the present invention, whereas the medium may be supplemented as described above 
I promote the growth and expansion of the wnbryonic Schwann cells in yitro . for the purposes f the present 
invention, serum free culture conditions are employed. The embryonic Schwann celb are preferably 

placed in dishes (e.g. 1 00mm petri dishes) in culture medium supplemented with suitable mitogenic agcnts. 
5 For example, for the rat embryonic Schwann cell the culture medium is preferably scrum free medium which 
is supplemented with one or more mitogenic agents including, at least an erbB activator (e.g. heregulin), 
insulin (or an IGF), bovine pituitary extract (Roberts ct al., ( 1 990) Am. J. Physiol, 3:41 5-425), and a stimulator 
of cAMP production (e.g. forskolin) in the appropriate ranges to promote growth and expansion of the 
embryonic Schwann cells and avoiding the use of growth factors such as acidic or basic fibroblast growth 
10 factor, epidermal growth factor, and the like. 

Therefore, in an exemplary method of isolating rat embryonic Schwann celk for co-culture according 
to the present invention dorsal root ganglia from E 14 rat embryos or the developmentally equivalent embryo 
from other mammalian sources is isolated. Clean dorsal root ganglia are incubated with collagenase/dispase 
(Boehringer Mannheim Cat No. 10971 13) at a concentration of 0.3% for about 45 minutes. The dorsal root 
1 5 ganglia is then rinsed clean and dispersed by gentle pipetting with a 1 ml Pipetman^w. The dispersed cells are 
collected by ccntrifugation (1000 rpm, 5 min) washed three times with F12/DMEM and plated on laminin 
coatcd platesiin F12/DMEM supplemented with recombinant human insulin (5jig/ml), transferrin (lO^g/ml), 
progesterone (2 x 10** M), bovine pituitary extract (Roberts et al. suora V 1 Ong/ml), recombinant heregul'm (3 
nM, HRG-Bl ,77.244) (Holmes et al. (1992) Science 256:1205-1210), forskolin (5 nM) and a-iocopherol (5 
20 Mg/ml). Schwann cells grow to a confluent monolayer after 4 days. 

Schwann cells from the primary cultures grown on the laminin substrate are passaged every 4 days 
at a 1:4 split ratio onto laminin-coated dishes in medium supplemented with progesterone, insulin, a- 
tocopherol. heregulin. forskolin. and transferrin, as well as bovine pituitary extract. Culture media from the 
culture of embryonic Schwann cells is obtained from embryonic Schwann cell cultures at any time after the 
25 cells have reached confluency. Preferably Schwann cell conditioned media is collected after about 2-4 days 
and most preferably after about 4 days of culture. 

For the isolation of embryonic neural epithelial precursor cells by co-culture with embryonic Schwann 
cells or embryonic Schwann cell conditioned medium, dispersed neural tissue obtained as described above from 
the rat E9 embryo or the developmentally equivalent mammalian source is placed in culture with embryonic 
30 Schwann cells (ESCs) or in culture medium supplemented with embryonic Schwann cell conditioned medium 
(ESCCM). Co-culture of the neural tissue with the ESCs may occur by virtue of the cells being placed together 
in the same culture vessel, as well as by co-culture where the cells, i.e., ECS*s and the cells of the developing 
neural tube, are separated by a physical barrier which allows the transport of soluble factors across a 
semipermeable membrane while avoiding physical contact of the cells themselves. 
35 According to the present invention an appropriate culture vessel is previously coated with a suitable 

extracellular matrix protein such as laminin. Appropriate culture vessels for the isolation and culture of neural 
epithelial precursor cells of the present invention include glass and plastic vessels. Although glass vessels may 
be employed, generally the solid phase is a plastic or polystyrene tissue culnire dish or plate such as those 
routinely employed for mammalian cell culture. The tissue culture vessel is selected keeping in mind that a 
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small quantity ofcellsU initially cultured. Generally, between about 100 and I X 10» are plated onto or into 
the vessel. The vessel is selected so tha, the cells remain in contact in a small, generally about 100 to 200 
microliter volume. Appropriate tissue culture vessels include plastic 96 well plates. 

In addition the plastic plate or tissue culture vessel is normally coated wiA an extracellular matrix or 
5 attachment faaor that conuuns some or all of the component of the extnicellular matrix that most cells of the 
developing vertebrate organism are in contact with during nonnal development Collagen and laminin are 
generally produced by the developing mammalian neuroblast. TTierefore. extracellular matrix/adhesion 
proteins such as collagens. glycosaminoglycans. proteoglycans, and glycoproteins are employed. Most 
preferred are the glycoproteins such as f.bronec.in. laminin. enatactin. and hyaluronectin. Most preferred 
10 according to the present invention is laminin. 

-n.e medium used in the co^ulturc isolation of the neural epithelial cells of the present invention may 

beanyofanumberofsyntheticbasalmediumthata«commen:iallyavailable.TT,emediumisselectedbearing 
.n mind that basal media differ in .heir survival, growth, and differentiation promoting properties. Suitable 
culture media include, but are not limited to. commereially available media such as FI2/ DME. Ham's FIO 

5 (Sigma). Minimal Essemial Medium ([MEM). Sigma). RPMI-1640 (Sigma), and Dulbecco s Modified Eagle's 
Medium ((DMEM], Sigma). In addition, any of the media described in Ham and Wallace. Mfil^Eni. ifi:44 
(1979). Barnes and Sato. Anal. Bm\\m lSt2:25S (1980). U.S. 4.767.704; 4.657.866- 4 927 762- or 
4.560,655: WO 90/03430; WO 87/00195; U.S. Pat. Re. 30.985; or U.S. 5.122.469. the disclosures of all of 
which are mcorporated herein by reference, may be used as a basal culture medium. The preferred culture 

0 medium is Fl 2/DME (1:1). 

These media and especially FI2mME may be supplemented with ions (such as sodium, chloride 

calcium.magnesium. and phosphate). buffers(such as HEPES).nuc!eosides(such as adenosineandthvmidine). 

trace elements (defined as inorganic compounds usually present at final concentrations In the micromolar 

range), and glucose or an equivalent energy source. 
5 According ,o the present invention, for the isolation of neural epithelial precursor cells from co^ulture 

with embnronic Schwann cells or embryonic Schwann cell conditioned medium, the basal medium described 
above is additionally supplemented with bovine pituitary extract (Robetts et al.. (1990) Am. J. Phvsiol. 3:4 1 5- 
425)atabout0.01 to about 100 jil/ml and preferably a, about 3-5 »,l/ml. An agem which elevates cAMP levels 
in the medium is additionally desirably present. Forskolin is the preferred such agem and suitable 
concentrations ofthis molecule are in the range from 0.1 MMto50MM forskolin, more preferably IjtMto 
20mM forskolin. and most preferably about 5 mM forskolin. Insulin or an IGF {e.g. IGF-I or IGF-II) is also 
desirable for the co-culnire. Preferably, insulin will be added to the medium in the range 0.01 pg/ml to 
lOOMg/ml. more preferably mg/ml to lOpg/ml. and most preferably lOMg/ml. Additionally, the cuhure media 
may optionally include a mitogenic agent such as a molecule which aaivates a member of the erSB receptor 
family. Heregulin is the preferred activator and the human heregulin-P I fragment is the most preferred 
m.togenic agent (Holmes et al.. (1990) Science. 256:1205-1210). The concentration of heregulin in the 
mediumwillpreferablybeintherangeofabout0.001nMto lOnM. more preferably 0.1 nM to lOnM.andmost 
preferably InM.o lOnM. Progesterone may also be added to the culture medium in the range of about 0. 1 nM 
to 200nM. and more preferably about InM to lOOnM. and most preferably about 3nM. An iron source such 
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as transferrin may be employed. The concentration of transferrin in the medium will generally be in the range 
of about 0. 1 Mg/ml to about 100 ^g^i and preferably between about 5 Mg/ml and 10 \ig/m\. Other optional 
supplements include Vitamin E (an anti-oxidant and anti-trans forming agent), preferably in the range 0. 1 Mg/ml 
to 100 Mg/ml, more preferably I Mg/ml to 20 \igfml and most preferably 5 Mg/ml to 10 fig/ml; and chemically 
5 defined lipids (Sigma Cat # 1 1905-015). preferably in the range from about \\iUm\ to 500^L/ml more 
preferably lOjiL/ml to lOOML/ml, and most preferably 25\iUm\ to 50^Lyml. 

A preferred media formulation according to the present invention includes recombinant human insulin 
at about 5\ie/m\. progesterone at about 2x lO** M, bovine pituitary extract (Roberts ci al., ( 1 990) Am. J. Physiol. 
3:415-425) at about lO^ig/ml, recombinant heregulin at about 3 nM (HRG-Dl,„.j„ (Holmes et al. [1992] 
10 Science 256: 1205-1210), forskolin at about 5 jiM, transferrin at about 5 Mg/ml and a-tocopherol at about 5 
Hg/ml. 

Culture conditions, such as temperature, pH. dissolved oxygen (dOJ and the like, arc those generally 
used in mammalian cell culture and will be apparent to the ordinarily skilled anisan. Generally, the pH is 
adjusted to a level between about 6.5 and 7.5 using either an acid (e.g., CO,) or a base (e.g., Na^CO, or NaOH). 
1 5 A suitable temperature range for culturing mammalian cells is between about 30 to 38oC and a suitable dO. 
is between 5-90% of air saturation. 

Advantageously, the cells of the present invention may be co-cultured and isolated with embryonic 
Schwann cell conditioned medium in place of the embryonic Schwann cells. According to this aspect of the 
present invention, the media described above is supplemented with culture media obtained from the culture of 
20 embryonic Schwann cells. Preferably, such conditioned media is obtained from the culture of embryonic 
Schwann cells after about I to 4 days post-initiation of an embryonic Schwann cell culture. Minimally, the 
embryonic Schwann cells should have reached confluency prior to harvesting the culture media. Preferably, 
the culture supernatant from the embryonic Schwann cells is harvested by removal of the cells. This is 
generally accomplished by centrifugal ion and/or filtration. The remaining culture media is used as a media 
25 supplement. 

Embryonic Schwann cell conditioned media obtained in this manner can be used as a media 
supplement as obtained, or it may first be concentrated. Concentration is generally accomplished keeping in 
mind that the concentration devise should allow for the retention of essentially all proteinaceous substances. 
This generally means using a device with a low protein binding molecular weight cutoff of about between 3000 
30 and 5000 kilodaltons. Concentration advantageously allows for smaller volume additions to the media 
described. 

The amount of embryonic Schwann cell conditioned media (ESCCM) employed as a media 
supplement is not a fixed amount but varies with the batch of conditioned media employed. The ESCCM 
should be present in at least an amount sufficient to promote the growth of the neural epithelial cells of the 
35 present invention. Embryonic Schwann ceil conditioned media is added at a ratio of about I : I to about 10: 1 
parts of the media formulation described above to the embryonic Schwann cell conditioned media and 
preferably at about 5 parts of the media formulation described above to about I part ESCCM. With ESCCM 
concentrated prior to addition as a media supplement the amount of ESCCM media added as a supplement 
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of ihc present invention, the cells may be used to monitor the isolation of specific neural epithelial growth 
promoting fact rs during the course of an isolation procedure. Cell based assays can be simply devised 
utilizing the neural epithelial precursor cells of the present invention. For example, the synthesis of DNA and 
the incorporation of a radiolabellcd nucleotide arc commonly employed in cell based assays for determining 
the responsiveness to a panicular sample containing a growth promoting substance. Such cellular assays may 
be diagnostically relevant for the detection of the presence or absence of clinically relevant substances or in 
the course of a therapeutic treatment. 

Alternatively, the nonnal neural epithelial cells may be used for the recombinant expression and 
production of various proteins. According to this aspect of the invention the cell lines isolated by means of the 
present invention may be transfected with an expression vector containing a nucleic acid sequence encoding 
a protein of choice. One of ordinary skill in the an will choose an appropriate DNA expression system for use 
in association with the cell lines of the present invention. Proteins produced in this manner advantageously 
possess the panicular glycosylation patterns characteristic of the neural epithelial precursor cell. 

It is also beneficial to have populations of mammalian NEP cells (preferably human NEP cells) for 
use in cell based therapies. The NEP cells of the present invention may be used alone or in combination with 
other cell types for direa transplantation into areas of damaged neural tissue for the treatment of diseases or 
disorders of-the nervous system. The cells alone or in combination with other cell types provide direct 
replacement and auxiliary support for the regeneration of or repopulation of a nervous system lesion. 
According to this aspert of the invention the normal neural epithelial cells are formulated in an appropriate 
pharmaceutical vehicle as described herein. Isolated NEP cells, pharmaceutical compositions comprising NEP 
cells, or prostheses filled with the NEP cells can be introduced into a nervous system lesion using any method 
known in the art for the treatment of neurological diseases such as those mentioned above and especially, 
neurodegenerative diseases or disorders including degenerative lesions associated with Parkinson's disease, 
Alzheimer's disease. Huntington's chorea or amyotrophic lateral sclerosis. 

In a particular embodiment the normal neural epithelial cells of the present invention may be used to 
repopulate areas of neuronal damage or degeneration. This type of cell based therapy is analogous to the 
unilateral transplantation of human fetal mesencephalic tissue into the caudate nucleus of patients with 
Parkinson's disease (Spencer ct al., (1992) New Engld. J. Med. 327:1541-1548). Alzeheimer's disease and 
other disorders such as Down's syndrome, post encephalitic Parkinsonism, dementia pugistica, are characterized 
by neuronal cell loss and changes in neuronal morphology (Goldman, and C6te (199 ) "Aging of the Brain"). 
The neural epithelial precursor cells of the present invention which are capable of la vivo differentiation and 
integration can be used to repopulate specific areas of damaged neuronal tissue. Methods for delivering cells 
to the brain arc generally known and described in International Publication No. WO 90/06757 and WO 
93/14790. 

Neural transplantation or "grafting" involves transplantation of the neural epithelial precursor cells 
into or onto the central nervous system of a host or recipient. These procedures include the n-ansplantation of 
the neural epithelial precursor cells within a host brain, such as intraparenchymal transplantation, as well as 
the deposition of the cells on the surface of the host brain in a gelatinous vehicle such as those described below. 
Intraparenchymal transplantation can be accomplished by injecting the neural epithelial precursor cells of the 
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r..i„n, „f H K P """""^ parenchyma. Procedures for the iransplantauon of cells into selected 
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90/067.7 ., ^ : in 'ntemauonal Publication No. WO 
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suppon is used as the phamiaceutically acceptable vehicle, the NEP cells may be introduced into a liquid phase 
of the vehicle which can be treated such that it becomes more solid {e.g. a unpolymerizcd vehicle may be 
induced to polymerize). For example, the NEP cells may be added after colUgen solubilized in acetic acid in 
H,0 is brought to neutral pH. by addition of a suitable base such as NaOH and to isotonicity by the addition 

5 of sales. 

■me NEP cells can also be delivered in prostheses or devices such as those which have been described 
in the literature. Generally, a solid porous tube filled wid, the NEP cells (preferably formulated in a gelatinous 
vehicle) is used as the prosthesis. 

The following examples are offered by way of illustration and not by way of limitation. The 
) disclosures of all citations in the specification arc expressly incorporated herein by reference. 

EXAMPLES 
EXAMPLE I 

Given theirdevelopmental potential, neuroepithelial cells from embryonic day 9. 0-somite rat embrvos 
were grown in a sen.m free honnone supplemented medium. Hero the isolation, establishment and 
chamcterization of a neuroepithelial precu^orcell line which can be induced to differentiate into neural cell 
types in vjtrg and ifl vivo is demonstrated. 

Methods 

A. Neuroepithelial cell growth: 

E9 rat neural tubes ( 0-somite) were dissected under a dissecting microscope using fine needles TTie 
caudal pomon was removed by cutting through the middle of Hassen s node. Mesoderm and endoderm were 
removed after a brief incubation with collagenase and dispase (Boehringer Mannheim. 0.2%. 10 min at 0 C). 
n.e clean neural tubes were washed 5x by transfer from plate to plate of FI2/DMEM with 1% BA. TTie neural 
tubes were then dispersed into small aggregates (preferentially 20 to 50 cells in each aggreeate) bv eentle 
pipetting with yellow tips on a 200^1 Pipetman- p,pe„er. Complete dispersion should be avoided" TTie 
dispersed cells were plated in 96 well multiplates (a, a density of 20 neuml tubes divided into 96 wells ) 
precoated with attachment factor in serum free medium supplemented with different combinations of growth 
faaors. Good cell survival and growth was found only in conditions which contained bovine pituitarv extract 
(Robens et al 1989 auja). insulin, forslcolin and either in co-culture wid, the embryonic Schwann cell line or 
with concentrated Schwann cell conditioned medium (ESCCM). In these conditions, some precursor cells 
survived and proliferated to form large colonies of compacted monolayer epithelial cells containing some 
differentiated neurons bearing long processes. Cells in other conditions died within 4 days in culture. 

B. Long term culture 

Colonies of epithelial cells formed in the primary culture in FI2/DME supplemented with 7F 
(forskolin (about 5 mM). BPE (about 10 Mg/ml). insulin (about 5 Mg/ml). transferrin (about 5 Mg/ml). heregulin 
(about 3 nM). progesterone (about 2 x 1 G^M). c-.ocopherol (about i^g/ml)) and ESCCM. were removed from 
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the substrate with 0.2% collagenase/dispase a, 37' C n,. cell. 

cenrrifugaiion on a layer of BA Jd olated . ' °' "'^^ 

supplemented With 7P. Tl,e ce,. we^^r Jt '"^'^ ' 

thuperiod^e cultures conJi::;::^^^^^^ 

cel.rese.b.in.ScHwanncel.sorirrlr*'"^'^''""^^^^^ 
-S....thecul^....^r~^^ 

then carried l„6P.ediuM7P.ediu.wlthouHe.I^l^^^^^^^ 

using a 1 ,0 4 split. ^ ^ " ''"'^^ P'«^ »1 Passaged every week 



10 C. 



Cell proliferation studies 



IS 



plated in 6F for 24 hours and then the »mw.h f w ' '^"""^^vely the cells we« 



Cell differentiation studies: 



30 



35 



Cells were plated in 6F (Insulin (5 pg/mlliransferrSn/^ y 

. .or jummutes at room temperature and washed with PBS Th.~ii 
w.th PBS containing 0.2«/.-nUTONX-.00TMdetereent 50/ . -".e cells were then i„cubated 

I?** r iv- . aetcrgent, 5% goat serum and 0 I M NH urn i u 

I/oBA)andwereaddedat250ul/well Inc.ih«in„ u • "^'"N x- 1 00™ detergent and 
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10 



glycerol/PBS (50:50). The stained samples were obsenred and micrographs were taken using a Nikon-ovcncd 
bright field microscope. 

E. Immunofluorescence 

For nesiin immunofluorescence, cells grown on chamber slides were fixed in situ with 4% 
paraformaldehyde in phosphate buffer PH 7. for 30 minutes at room temperature. The fixed cells were washed 
3x with PBS. blocked with 5% goat serum in PBS plus -0.2% TRITON X-lOO™ detergent at 37*» C for 60 
minutes. Anti-nestin antiserum raised in rabbit against the last 1200 amino acid in the lat nestin sequence. The 
antiserum was diluted at 1:1000 with dilution buffer (and incubated with the cells at 4** C overnight). After 
5 washes with dilution buffer (PBS with 0.1% TRITON X-IOO^m detergent and 1% BA). the samples were 
incubated with goat anti-rabbit IgG F(aby-F1TC (Boehringer Mannheim) at 37' C for I hour. The slides were 
washed 5x with dilution buffer and scaled in 50% glycerol in PBS. Specific immunofluorescence was observed 
and micrographs were taken under NIKON^m cpifluoresccnce microscope. 



15 F. Western Blotting 

Approximately 10* cells were directly dissolved in 100 ul loading buffer and heated to 95' C for 5 
min. The sample was chilled on ice and loaded onto a minigel (Novex precasted SDS gel, 4-20%). The sample 
was fractionated with SDS electrophoresis at 75 mA until the dye front moved near the end. Electric transfer 
to nitrocellulose membrane was carried out in Tris-glysine-methanol buffer at 100 V for I hour. The membrane 

20 was washed with water and was saturated by incubation with 1% BA at 37*' C with gentle shaking. Incubation 
of primary antibodies (anti-nestin antiserum 1 : 1 000, anti-neuron specific antiserum 1 : 1 000) was carried out 
at 37** C for 2 hours. Excess primary antibody were washed away with three changes of incubation buffer, 10 
minutes for each change. The membrane was then incubated with anti-rabbit IgG F(ab)'-peroxidase for I hour. 
Finally, the membrane was stained with DAB-H,0. as described above for immunocytochemistry. 



25 



Results 

Neuroepithelial cells dissected from E9 rat embryos survived poorly in most serum free conditions. 
No cells survived beyond 4 days in conditions supplemented with EOF, FGFs, IGFs and neurotropins alone 
or in combination. Significant cell survival and proliferation was found only in those cells co-cultured with 

30 embryonic Schwann cells in the presence of Schwann cell growth medium which contained insulin, transferrin, 
a-iocopherol, progesterone, forskolin, bovine pituitary extract and recombinant human heregulin. Under these 
conditions, epithelial cells rapidly proliferated to form large cell colonies which pushed off the Schwann cells 
or grew underneath the Schwann cell monolayer. These cell colonies can form secondary colonies after 
subculture. Addition of bFGF to the secondary cultures induced the cells to extend long processes which 

3 5 morphologically resembled neuronal processes. 

In order to achieve pure cells, embryonic Schwann cell conditioned medium (ESCCM) was tested, 
as well as culnires with irans-well inserts containing Schwann cells. ThU separates the Schwann cells from the 
neuroepithelial celU by a physical barrier but allows many Schwann cell secreted molecules to pass through. 
Both methods resulted in the survival and proliferation of a small proportion of neuroepithelial cells, which 
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formed large colonies of epithelial cells with some differentiated neurans which extended long processes after 
lOdays. No celU survived in conditions without ESCCM or cocultttre. TTie cells grown in the presence f 
ESCCM were successfully subcultured. During the first 5 to 6 passages, the cultures comprised a mixture of 

celltypcs. epithelial typeofcells, spindle-shaped Schwann celMikecell type and aggregated sm 
. long and fine processes. Secondary cultures no longer require the Schwann cell conditioned medium The 
eptthehal type of cells were enriched and become dominant in subsequent cultures by removing heregulin a 
potent glial cell mitogen and keeping the cells at a high density. 

TTiese normal neural epithelial precursor cells requi,«l cell-cell contact for survival and growth 
D«pers.on of the culture to single cells, even with a brief dypsin treatment, resulted in cell death. Optimal 
growth was achieved when celU were plated at density of I -2 x 10' cells/cm= A population doubling time of 
50 hours was calculated, however the growA rate is non-linear with i marked increase in the doubling time as 
the cells get denser. Confluent culnire teached a density 10*cells/cm' but always remained as a monolayer 
TT,e cells have been grown continuously for over 40 passages (>80 population doublings), no obvious change 
has been found in cell morphology and growth profile and no obvious cell senescence has been observed. 
Cell morphology 

TTiecelllineshowedmonolayerepithelialcellmorphoIogywithalarge nucleus/cytoplasm ratio during 
routine subculture as described. Most cells showed positive immunofluorescent staining for the neural 
precursor cell-specific intermediate filament protein, nestin. A western blot of solubilized cell membranes 
stamed with antl-nestin antibody showed a single band at molecular weight 220 kilodaltons (Kd), consistent 
with the reponed molecular weight of nestin. A small proponion (<5%)also showed positive staining for 
neuron specific enolase which had a molecular weight of 46 Kd in the western blot. 

Growth factor response 

The NEP cell line required the presence of insulin, bovine pimitary extract and forskolin (or cholera 
toxm or CAMP analogs) for sun^ival and growth. Removal of one of these three growth factors resulted in a 
sharp decrease in cell number (Figure 1 A). Op.L^al concentrations of these growth factor were determined 
to be 10 ug/ml insulin. 3-10 uM forskolin and 0.3% (v/v) bovine pimitao^ extra« (Figure IB and IC). Insulin 
can also be replaced by insulin-like growth factors. -Rie cells are more sensitive to lGF-1 than to IGF-ll 
(F.gure ID). Growth factors such as PDGF. EGF. heregulin. leukocyte inhibitorv factor (LIF). hepa.ocvte 
growth factor (HGF) and neurotropins (NGF. NT-3 and BDNF) did not increase cell number (Figure 1 E F) 
Members of the TGFD family of growth factors had an inhibitory effect on cell growth (Figure 2A). Addition 
of TGFBl resulted in significant cell death (Figure 2A). In the absence of forskolin and BPE. bFGF increased 
cell survival. While all the cells died in F12/DME supplemented with insulin onlv. with the addition of bFGF 
a large propoaion of cells survived as floating cell aggregates. However, addition of bFGF in the presence of 
7F greatly inhibited cell proliferation, completely blocking cell growth beyond 24 houn of treamient. In 
contrast. aFGF showed little effect (Figure 2B). 
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In vitro differentiation of the NEP cell line: 

T test this hypothesis, cells were grown in the presence of 6F alone (insulin, transferrin, bovine 
pituitary extract, heregulin, progesterone, and a-tocopherol), 6F + bFGF. or 6F + bFGF + forskolin, for 48 
hours and then fixed and immunostained for a variety of neuronal markers. The cells showed a marked change 
in morphology in the presence of bFGF, and a further evolution towards neuronal- like morphology in the 
presence of bFGF + forekolin. These morphological changes were accompanied by the increased expression 
of neural specific markers visualized by immunohistochemistry. The number of celb expressing and the extent 
of expression of both vimentin and tubulin P was increased by FGF and further increased by the combination 
of bFGF and forskolin. Specific neuronal markers, such as Map-2, peripherin and the 160 kd neurofilament 
protein (NF 160) were also induced as tfic cells became more differentiated morphologically, although these 
were expressed to differing extents and in different ways under the different conditions. For example, NF 160 
IS expressed only in a few cell/cell junctions in the control conditions. With FGF alone there is continued 
expression at the junctions and some cytoplasmic expression while in the FGF + forskolin conditions NF 160 
can be seen on the cell surface and in the neural extensions as well as cytoplasmically. While Map2 is 
expressed by most cells in the presence of both factors, peripherin is present on only a few of the cells. Cells 
exposed to both factors express protein kinase c (Pkc), as well as the cxcitatiry amino acids glutamate and 
aspartate. Neuron specific cnolasc, synaptophysin. andJTau were also induccd in some cells in the cultures. 
Low levels of the glial markers such as GFAP and Gal-c were induced in some cells some conditions. These 
results are summarized in Table I. 
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Differentiation of neuroepithelial cell line 



10 



15 



antigens 

Neuron sp ecific Enolase 
vimentin 
Tubulin -bcta 
HNK- 1 
GalC 
GFAP 

P75-LNGFR 

Protein Kinase C (neuron s pecific) 
Microtubule associated protein-2 (Map.2) 
Neurofilament 68Kd 



20 



Neurofilament l60Kd 
Neurofilamen t 200Kd 
Choline AcetyNn -ansferase 
Tyrosine hydroxylase 



Serotonin 



GABA 



Table I 
Induction 



synaptophysin 



Tau 



25 



periphorin 
gtutamate 



aspartate 



30 



control 



rare 
rare 
rare 
negat ive 
nega tive 
negative 
10-20% 
some 
10-20% 
negative 



I junction al 
negative 
negative 
negative 



negative 



negative 



negative 
negative 



negative 
weak 
weak 



EXAMPLE II 

In VIVO injection and differentiation of NEP cells 



NEP cells were isolated and expanded as described 
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bFGF 120 hr 

30-50% 

>90% 

>90% 
negative 
negati ve 
negative 
10-20% 
>90% 
30-50% 
10-20% 



forskolin+bFG 
F 



>90% 
>90% 
>90% 
negative 
negat ive 
very rare 
10-20% 
>90% 
>90% 
10-20% 



cytoplasmi c | cytoplasmic 

negative | 3-50/0 
3-5% 
negative 



3-5% 
negative 



negative 



negative 
rare 



negative 
negative 



negative 



90% 
50% 



rare 

weak 

weak 



3-5% 



strong F)ositive 
snrong positive 



were 



above. Approximately I x 10* to I x 10* cells 



r,.oved fro. cu,tu« and resuspended in a balanced saline .o..ion con..ing g.ucosc T.e cells 
-njeced v.a a s.enle microsyringe in.o neona.al ra. bn>i„. 



were 
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NEP cells for implantation were labeled with the fluorescent viable cell marker. PKH-26. When 
injected into neonatal rat brain, the NEP cells gave rise to several distinct neural cell phenoiypes. Two major 
cell types were identified with typical morphology within the appropriate layer of the cerebellum. These cells 
had the morphology characteristic of Bergman glia and granule ceils. In the hippocampus, most of the 
5 fluorescently labeled cells integrated into the dentate ginis. The majority of these cells had a morphology 
typical of dentate granule cells. Other cells showed neuronal-like differentiation but could not be precisely 
categorized by morphology. In the cerebral cortex, bundles of cell processes span the ventricular region up 
to the surface of the cortex with terminal branches which resemble radial glial cell processes. Some of the cell 
bodies were traced and were located inside the lateral ventricle. Integrated cells were also found in left 
10 hemisphere, although cells were injected only in the right hemisphere of the brain. 

The majority of the neurons differentiated from NEP in vitro in the presence of bFGF and forskolin 
displayed markers consistent with a cortical neuron identity. The differentiated neurons expressed a protein 
kinase C isoenzyme which is expressed exclusively in CNS cortical neurons. In addition, these neurons 
accumulated the excitatory amino acids, glutamate and aspartate, in their cytoplasm and in cell processes. 
1 5 These amino acids are used as neurotransmitters only in cortical neurons. The ia vitro data is confirmed by 
the results of the ia vivo experiments. 

In the presence of bFGF and forskolin. most NEP cells differentiated into aminonergic neurons. 
However, a small number of cells began to express choline acety-transferase. a key enzyme involved in acetyl- 
choline synthesis. The differentiation of cholinergic neurons in the NEP line was enhanced by addition of 
20 leukemia inhibiting factor (LIF). This result is consistent with the induction of cholinergic neurons by LIF in 
neural crest cells and hippocampal cells. Although no mature glial cells were identified in vitro , the NEP cells 
can differentiate into Bergmann glial cells when injected into the cerebellum and radial glial cells in the 
cerebral cortex. Taken together, these data suggest that the NEP cell line is arrested at an early stage of 
neuroepithelial differentiation and maintains the ability to differentiate into several different neuronal and glial 
25 cells depending on the environment. 

EXAMPLE III 

Isolation of human NEP cell line. 

Neural tubes are obtained from, preferentially, embryos of 3-4 weeks of gestation. The dissected 

30 neural tubes are briefly treated with collagenase and dispase solution as described in the NEP culture described 
above. The cell aggregates are then washed free of the enzymes and plated on human iaminin coated tissue 
culnire dishes previously seeded with rat ESC or, preferably, human embryonic Schwann cells or Schwann cell 
conditioned medium. Culture medium for the culture of the human NEP cells is serum free medium containing 
human insulin, mammalian (preferably human) pituitary extract, forskolin, vitamin E., recombinant human 

35 heregulin. progesterone and transferrin. When large colonies of epithelial cells grow up cells can be 
subcultured as described (supra ) for rat NEP cells. Schwann cells (if co-cultured) are removed by removing 
heregulin from the medium and differential enzyme digestion. 
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Deposit (Tf Mntcriah 

NEP95 rpTMor, CscflsiLDals 

ThUd. K.- October 3, .,995 

This deposi. IS being made under the provisions of the B.,rf,„. , t 

Recognition of the Deposit of Microorganis„« L the Ce or^er 7 
.here^derCBudapestW ^is assures .a.ten™^^^ 

deposit. .ecenHnewi,.be„adeavai.3b.eb..TCC„„der.hetenns;::i^^^^ 

to an agreement between Genentech. Inc and ATCC whirh ^ 

T1. forgoing w,i„„ .p„,to,i™ „ ^ 
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WHAT IS CLAIMED IS: 

1 . A method of isolating a nonnal neural epithelial precursor cell type comprising the steps of: 
a) culturing neural tissue from a mammalian embryo at the zero-somite stage of development in the 

presence of embryonic Schwami cells or embryonic Schwarui cell conditioned media: and 
5 b) isolating the normal neural epithelial precursor cells. 

2. The method of claim ) wherein the neural tissue is neural tube. 

3. -Ric method of claim 2 wherein the neural tissue is cultured on a solid suppon precoated with 
an attachment factor. 

4- The method of claim 3 wherein the anachmeni factor is laminin. 

^- '"^^'^^^ of claim 4 wherein the neural tissue is cultured in serum free media. 

6. The method of claim 5 wherein the serum free media comprises bovine pituitary extract, 
insulin, and forskolin. 

7. The method of claim 6 wherein the serum free media further comprises progesterone, and 
a -tocopherol. 

15 8. The method of claim 2 wherein the neural tube is derived from a rat embryo. 

9. The method of claim 8 wherein the neural tube is from a day 9 embryo. 

10. The method of claim:2 wherein the neural tube is derived from a human embryo. 

n. The method according to claim 7 ftirther comprising the step of separating the neural 
epithelial precursor cells from other cell types. 

* '^^ mtxhod of claim 1 1 wherein the normal neural epithelial cells are subcultured in serum 
free medium lacking heregulin. 

15. A normal neural epithelial precursor cell line isolated by the method of claim 1. 

14. The normal neural epithelial precursor cell line of claim 13 which is a rat cell. 

15. The nonnal neural epithelial precursor cell line of claim 13 which is a human cell. 

* ^- "^"''^ epithelial cell line of claim 1 4 which is on deposit with the American Type 
Culnire Collection and bears Accession Number CRL 1 1993. 

17. A composition comprising the cell line of claim 13 and a pharmaceutically acceptable 



vehicle. 

18 

30 vehicle. 

19, 

vehicle. 

20. 

vehicle. 

35 



A composition comprising the cell line of claim 14 and a pharmaceutically acceptable 
A composition comprising the cell line of claim 15 and a pharmaceutically acceptable 
A composition comprising the cell line of claim 16 and a pharmaceutically acceptable 
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